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Kv7 channels tune neuronal and cardiomyocyte
excitability. In addition to the channel membrane
domain, they also have a unique intracellular C-termi-
nal (CT) domain, bound constitutively to calmodulin
(CaM). This CT domain regulates gating and tetrame-
rization. We investigated the structure of the mem-
brane proximal CT module in complex with CaM
by X-ray crystallography. The results show how the
CaM intimately hugs a two-helical bundle, explaining
many channelopathic mutations. Structure-based
mutagenesis of this module in the context of con-
catemeric tetramer channels and functional analysis
along with in vitro data lead us to propose that one
CaM binds to one individual protomer, without
crosslinking subunits and that this configuration is
required for proper channel expression and func-
tion. Molecular modeling of the CT/CaM complex in
conjunction with small-angle X-ray scattering sug-
gests that the membrane proximal region, having a
rigid lever arm, is a critical gating regulator.
INTRODUCTION
The Kv7 family (KCNQ) of voltage-dependent potassium chan-
nels plays major roles in tuning neuronal and cardiomyocyte
excitability by acting as a brake for neuronal firing and by control-
ling cardiomyocyte repolarization. In cardiac myocytes, Kv7.1
and its accessory subunit, KCNE1, give rise to the IKs current,
one of the two major potassium currents that repolarizes the
cardiomyocyte membrane. Channelopathies, arising frommuta-
tions in the corresponding encoding genes, can be life threat-
ening, causing long-QT (LQT) syndrome and atrial fibrillation
(Mackie and Byron, 2008; Maljevic et al., 2010; Peroz et al.,
2008). These pathologies highlight this channel’s physiological
importance.1582 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier LtdThe Kv7 family shares a common architecture, differing from
that of Shaker channels. The family lacks the T1 tetramerization
domain, and it does not associate with the Kv b subunit. Rather, it
has a large intracellular C-terminal (CT) domain, ranging from
320 to 500 residues in size, bound constitutively to calmodulin
(CaM). This domain is responsible for channel tetramerization,
proper channel trafficking, and biophysical properties (Haitin
and Attali, 2008). Earlier studies demonstrated CaM’s obligate
role in the structure and function of the channel (Ghosh et al.,
2006; Shamgar et al., 2006; Wen and Levitan, 2002; Yus-Najera
et al., 2002). The CT is organized into four helical segments, A
through D (Figure 1A). Helices C and D tetramerize, and crystal-
lographic studies show how helix D forms a tetrameric parallel
coiled coil (Howard et al., 2007; Wiener et al., 2008). In addition,
the C terminus provides an interface for other interacting pro-
teins (Haitin and Attali, 2008). Many pathogenic mutations have
been mapped to the C terminus.
Here we solve the X-ray crystallographic structure of the Kv7.1
proximal CT module in complex with CaM. We show that CaM
embraces the two proximal helices of the C terminus, with the
C lobe binding to helix A in the apo form and the Ca2+-bound
N lobe interacting with helix B. Biochemical and functional
analyses suggest that one CaM binds to both helices within
the same subunit.RESULTS
Structure of the Proximal CT/CaM Complex
We coexpressed and purified the Kv7.1 proximal C terminus,
including helices A and B and CaM. The Kv7.1 proximal CT
construct begins at residue 352, putatively the end of S6, and
extends to 539, with a deletion of the intervening loop (residues
397–503) (Figure 1B). The intervening loop is not required,
neither for CT assembly nor for function (Haitin et al., 2009). It
is predicted to be unstructured and is highly susceptible to
proteolysis. We characterized the proximal CT/CaM complex
in solution using sedimentation velocity (SV) and size-exclu-
sion chromatography-multiangle light scattering (SEC-MALS)
at 60 mM. As seen in Figure 1C, the SV results indicate aAll rights reserved
Figure 1. Solution Studies of the Proximal CT/CaM Complex
(A) A schematic cartoon of the Kv7.1 a subunit, with CaM bound to helices A
and B.
(B) Schematic depiction of the protein used in these studies.
(C) SV c(s) distribution of the proximal CT/CaM complex performed either with
no EGTA, shown as black circles, or with 5 mMEGTA, shown as empty circles.
In both conditions, the estimatedmolecular mass, based on the sedimentation
coefficient and frictional ratio, is 30.1 kDa. The frictional ratio (f/fo) was 1.41
without EGTA and 1.43 with EGTA.
(D) SEC-static light-scattering profile, in the presence of 5 mM EGTA. The
measured molecular mass is 30.6 kDa.
Structure
Structure-Function Studies of Kv7.1 Channelsmonodisperse sample with a sedimentation coefficient of 2.5s in
the absence or presence of 5 mM EGTA, consistent with a 1:1
complex of the proximal C terminus and CaM. Likewise, the
SEC-MALS profile (Figure 1D) shows monodispersity with
a mass of 31 kDa, again consistent with a 1:1 complex of theStructure 22, 1582–15proximal C terminus and CaM. We conclude that CaM stably as-
sociates with the proximal C terminus with a 1:1 stoichiometry,
regardless of Ca2+ concentration.
We then crystallized anddetermined structuresof this complex
using selenomethionine (Sel-Met) multiwavelength anomalous
diffraction, in the presence of 5 mM [Ca2+] or 1 mMEGTA, to res-
olutions of 3.0 and 2.85 A˚, respectively (Table 1; Figure S1 avail-
able online). The crystallographic asymmetric unit is depicted in
Figure 2A. In the structures at hand, a swapped dimer has formed
so that helix A interacts with helix B from another molecule, in a
kind of X configuration. Two CaM molecules are bound to the
proximal CTmolecules, one CaM for each arm of the helical cou-
plet, resulting in a stoichiometry of 2:2 between the proximal C
terminus and CaM. A depiction of what we believe to be the
physiologically relevant proximal CT/CaM complex is shown in
Figure 2B, based on the in vitro results depicted in Figure 1, ex-
periments described below, and previous studies (Wiener et al.,
2008). The structural components of the proximal C terminus
include prehelix A (residues 352–369), and helices A andB,which
form an antiparallel coiled-coil architecture, detailed in Figures
S2A and S2B. Notably, prehelix A is helical, suggesting that S6
extends into the cytosol as one extended rigid body, like a lever
arm, with helix A delimited by a slight kink produced by P369.
The bound CaM conformation shows the CaMN lobe interact-
ing with helix B and ligated to Ca2+. In contrast, the C lobe inter-
acts with helix A and is in the apo form (Figure 2). These ligation
states are identical in both the Ca2+ and EGTA crystal forms. The
root-mean-square deviation (rmsd) between the N lobes of the
different crystal forms is 0.43 A˚. The N lobe conformation is
closely related to Ca2+-ligated N lobe conformations bound
to either small-molecule inhibitors such as trifluoperazines or
helical peptides derived from proteins such as CaM kinase II.
The rmsd between the C lobes of the different crystal forms is
0.81 A˚, with a conformation that is closest to apo C lobes in
complex with their targets, such as myosin-V or myosin-VI.
These comparisons emphasize the hybrid CaM structure found
in the complex. Upon searching the Protein Data Bank (PDB)
with the intact CaM, the closest available conformation was
CaM from the SK channel complex (Schumacher et al., 2001)
(accession number 1G4Y). This CaM is also a hybrid structure,
with a Ca2+ bound N lobe and an apo C lobe. The rmsd for 109
Ca atoms is 3.1 A˚. Upon superposition of both C lobes, a rigid-
body rotation of the N lobe of about 37 at S81 allows the SK
channel’s CaM a more extended conformation, enabling it to
embrace a three-helix bundle in contrast to the helical couplet
found in the present structures.
In the structure, helices A and B form an antiparallel coiled coil.
This is best visualized in Figures S2A and S2B, in which the hy-
drophobic a and d positions of the heptad repeat are indicated.
Interestingly, hydrophilic or charged residues such as C381,
K515, and R519 occupy several a and d positions. Stereochem-
ical analysis confirms that it is a canonical coiled-coil (Table S1)
and consistent with structural homolog searches in the PDB.
The complex formed between the proximal C terminus and
CaM is quite intimate, with a very large buried surface area of
3,921 A˚2. In comparison, the SK channel/CaM buried surface
area is in the same regime. The association of the CaM C lobe
contributes the majority of the Kv7.1/CaM interface surface
(see Table S2). This apo lobe interacts with the IQ motif94, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1583
Table 1. Crystallographic Statistics
EGTA Structure Calcium Structure
Native Peak Inflection
High
Remote
Low
Remote Native Peak Inflection High Remote
Data Collection and Phasing Statistics
Beamline (ESRF) BM-14 ID-29 ID-29 ID-29 ID-29 ID23-1 ID-29 ID-29 ID-29
Wavelength (A˚) 0.974 0.979 0.980 0.976 0.986 0.924 0.979 0.980 0.976
Space group P65 P65 P65 P65 P65 P65 P65 P65 P65
Unit Cell Parameters (A˚) a = 151, b = 151, c = 56 a = 152, b = 152, c = 56
Total reflections 594,503 454,547 259,933 425,098 465,787 193,175 146,959 141,914 135,607
Unique reflections 15,107 12,123 14,342 11,327 14,077 17,341 22,734 21,701 20,909
Completeness (%)a 99.8 (99.5) 99.3 (98.3) 99.0 (98.0) 99.4 (100) 99.2 (98.2) 99.2 (100.0) 99.9 (100.0) 99.9 (100.0) 100.0 (100)
Rmerge (%)
a,b 6.2 (54.9) 8.7 (44.0) 6.7 (43.8) 9.2 (54.9) 7.9 (42.5) 8.2 (46.6) 10.7 (42.9) 9.5 (53.0) 7.4 (54.0)
I/sa 40.8 (3.7) 18.5 (4.2) 14.4 (4.7) 16.3 (3.7) 18.1 (4.6) 31.9 (6.4) 18.2 (3.1) 14.7 (4.5) 20.2 (4.6)
Resolution range (A˚) 50–3.0 50–3.23 50–3.05 50–3.30 50–3.07 50–2.85 50–3.25 50–3.30 50–3.35
Redundancy 13.1 5.1 2.9 5.1 5.1 15.3 6.5 6.5 6.5
f0/f00 8.3/6.3 -10.3/4.2 4.3/4.0 5.7/0.5 8.3/6.3 -10.3/4.2 4.3/3.9
Phasing power
(anomalous)
1.2 0.9 0.9 0.2 0.7 0.7 0.7
Phasing power
(dispersive)
0.6 (l2
versus l1)
0.9 (l3
versus l2)
0.1 (l4
versus l3)
0.6 (l1
versus l4)
0.2 (l2
versus l1)
0.7 (l3
versus l2)
0.6 (l1
versus l3)
Figure of merit 0.62 0.56
Refinement statistics
No. of reflections
(working/test)
14,251/758 17,456/883
Dmin (A˚) 3.0 2.85
Rwork/Rfree (%) 24.4/25.9 25.1/28.8
rmsd from ideality
Bond lengths 0.010 0.004
Bond angles 1.202 0.965
B factors (A˚) (rmsd
of bonded atoms-
main/side chain)
0.5/1.4 9.5/12.1
Averaged B factor (A˚2) 41.80 114.92
No. of protein atoms 3,466 3,539
aValues of the highest resolution shell are given in parentheses.
bRmerge = ShklSijIhkl,i  < I > hklj / ShklSijIhkl,ij, where Ihkl is the intensity of the reflection and < I > hkl is the average of all observations of this reflection.
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Structure-Function Studies of Kv7.1 Channelsfound in helix A. Moreover, the shape complementary values,
computed using an algorithm that evaluates the complemen-
tarity of two macromolecular surfaces (Lawrence and Colman,
1993), for the interfaces with both CaM lobes had values in
excess of 0.73 for the Kv7.1 complex, consistent with a highly
stable and avid association. In contrast, the shape comple-
mentary value for the SK channel/CaM N lobe interface was
considerably lower. Specific interactions between the proximal
C terminus and CaM are presented in Figures 2C and 2D and
shown schematically in Figure S2A. Their sheer number is
consistent with the conclusion that the complex is of very high
affinity and specificity, wherein CaM serves as an obligate sub-
unit of the complex and most likely comprises a folding unit.
The interactions are predominantly van der Waals and hydro-
phobic in nature, although ten hydrogen bonds are detected.
The structure can be used to rationalize LQTmutants that map
to the proximal C terminus. For example, the missense mutation1584 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier LtdS373P is expected to perturb the global proximal CT module
conformation. Indeed, we previously showed that the mutant
S373P impairs CaM binding and affects channel gating, thereby
producing a right shift in the conductance-voltage relations and
generating macroscopic inactivation in the absence of KCNE1
(Shamgar et al., 2006). In addition, the defective CaM binding
of this LQT mutant significantly altered channel biogenesis
and dramatically impaired its cell surface expression (Shamgar
et al., 2006).
When comparing the overall proximal CT/CaM complex struc-
ture with other CaM complexes, the closest relative again is the
SK channel gating module. The gross architectural similarity has
CaM embracing a helical bundle. Common features include the
individual CaM lobe structures (rmsd values noted above) and
their respective interactions with a helices from the respective
intracellular channel domain, summarized in Figure S3. Of note
are 14 shared interactions with the CaM C lobe residues,All rights reserved
Figure 2. The Proximal CT/CaM Complex
Crystal Structure
(A) Depiction of the crystallographic asymmetric
unit comprising two proximal CT molecules,
colored yellow and green, and two CaM mole-
cules, colored pink. The calcium ions are drawn as
cyan spheres, found bound to the CaM N lobe.
The asymmetric unit possesses noncrystallo-
graphic twofold symmetry, where the symmetry
axis is drawn as an arrow.
(B) The putative biological complex is depicted.
Colors indicate the different parts of the complex.
Helices A and B are colored yellow and green,
respectively, while the CaM N and C lobes are
colored purple and light pink, respectively. The
proline (P369) that divides prehelix A and helix A is
colored red.
(C) Interactions between helix A and the CaM C
lobe, which includes the IQ motif from helix A.
(D) Interactions between helix B and the CaM
N-lobe.
For both (C) and (D), CaM residues are labeled in
boldface type. All residues labels are placed as
near the Ca atom as possible. See also Figures
S1–S3 and Tables S1 and S2.
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Structure-Function Studies of Kv7.1 Channelsclustered in twomajor foci, namely, CaM residues 88 through 92,
which is largely hydrophobic, and 109 through 115. CaM N
lobe interactions are less extensively shared, with only 8. These
interactions are more widely distributed, with one notable hydro-
phobic cluster being CaM residues 18 and 19. A summary
perspective suggests that the CaM C lobes in both cases serve
as the anchoring domain to the channel, with conserved struc-
tures and modes of partner interaction while the CaM linkers
and N lobes vary, demonstrating impressive structural plasticity
to best target the respective channel helix.
How Does CaM Associate with Channel in a Functional
Context?
Although the in vitro analysis indicates that CaM stably associ-
ates with the proximal C terminus at a stoichiometric ratio of
1:1, and the crystallographic findings demonstrate that CaM
binds both helices A and B, these results do not conclusively
define the channel/CaM configuration in the cell (i.e., whether
one CaM associates with one or two channel protomers). To
address this question in a physiological context, we used our
published concatemeric expression construct of Kv7.1 (Meisel
et al., 2012). Normally, the channel is composed of four separate
a subunits in a homotetrameric quaternary structure, as found in
the Kv superfamily. Here, four subunits were fused together in aStructure 22, 1582–1594, November 4, 2014 ªtandem manner with flexible linkers con-
necting each one (Figure 3A). The conca-
temeric construct enabled us to generate
defined combinatorial mutant channels.
To ensure that our construct was ex-
pressed as a concatenated tetrameric
channel protein, we compared its expres-
sion in human embryonic kidney 293
(HEK293) cells with that of themonomeric
Kv7.1 protein by examining its molecularweight in SDS-PAGE under reducing conditions, followed by
western blotting. The monomeric Kv7.1 construct appeared as
the main immunoreactive band of about 70 kDa, accompanied
by higher molecular weight aggregates and a minor degradation
band product of about 37 kDa. In contrast, the concatemer
construct is expressed as a major high molecular weight immu-
noreactive band of more than 280 kDa, roughly corresponding to
the tetrameric channel protein (Figure 3B). To validate the conca-
temer’s functional use, the electrophysiological properties of
the wild-type (WT) monomeric construct and WT concatenated
tetrameric Kv7.1 were compared in transfected Chinese hamster
ovary (CHO) cells using the whole-cell patch-clamp technique.
The results indicate that in both the absence and presence of
KCNE1, the WT concatemer exhibited similar kinetic properties
and voltage dependence as the monomeric Kv7.1 construct
(Meisel et al., 2012).
We then engineered Kv7.1 a subunit point mutants in the con-
catemer that should abrogate CaM lobe association as based on
our structures. One mutant is located in helix A (I375D), while the
second is in helix B (V516D) (Figure 3C). To probe the impact on
channel biogenesis of concatemer single mutants, D4a and D4b,
bearing respectively the I375D and V516D mutations in domain
D4, we tested the total level of protein expression in transfected
HEK293 cell lysates. There were significant reductions in D4a2014 Elsevier Ltd All rights reserved 1585
Figure 3. Characterization of Structure-
Based CaM Binding Mutants
(A) Schematic representation of the various con-
catemer constructs. The concatemer contains
four full-length repeats (D1-D4) of the channel a
subunit, though only helices A and B are shown.
The red crosses represent mutated helices: I375D
for helix A and V516D for helix B. D4a is mutated in
the fourth repeat at I375D, while D4b is mutated in
the fourth repeat at V516D. D2ab-D4ab is mutated
in the second and fourth repeats at I375D and
V516D, and D1a-D2b-D3a-D4b is mutated in the
first and third repeats at I375D and the second and
fourth repeats at V516D.
(B) Representative immunoblot of lysates from
HEK293 cells transfected with the WT KCNQ1
concatenated tetrameric construct (lane 1), an
empty vector (lane 2), and WT KCNQ1 (lane 3).
(C) Localization of the two mutations I375D (lower
right) andV516D (upper left) designed to disrupt the
interactions between helix A and CaM and helix B
and CaM, respectively. Coloring is as in Figure 1C.
(D) Representative immunoblot of lysates from
HEK293 cells transfected with WT Kv7.1 con-
catemer, D4a and D4b mutants in the absence
(upper rows) or presence (lower rows) of KCNE1.
(E) Quantification of the immunoblot scans as a
normalized ratio of concatemer constructs to b
actin (n = 3; *p < 0.05, ***p < 0.001).
(F) Representative immunoblot of CaM pull-down
and input from HEK293 cells expressing concat-
enated constructs in the absence (upper rows)
and presence of KCNE1 (lower rows).
(G)Quantificationof thepull-downscansnormalized
to input (n = 3; *p < 0.05, **p < 0.01, ***p < 0.0001).
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fect for D4a. When normalized to b actin, total cell expression of
D4a and D4b corresponded to 47 ± 15% and 79 ± 5% of WT,
respectively (Figures 3D and 3E; n = 3, p < 0.05). Likewise, there
was a marked reduction in protein expression of mutants D4a
and D4b coexpressed with KCNE1 compared with WT (36 ±
1% and 35 ± 7% of WT, respectively; n = 3, p < 0.05) (Figures
3D and 3E).
To directly assess CaM binding, we performed CaM-agarose
pull-downassays on thesemutants. Similar inputs ofWTandmu-
tantsD4aandD4bwereused toassess their interactionwithCaM
(Figures 3F and 3G). Mutants D4a andD4b exhibited significantly
weaker CaM binding compared with WT (60 ± 2% and 62 ± 10%
ofWT, respectively; n = 3, p < 0.01) (Figures 3F and 3G). Similarly,
mutants D4a and D4b when coexpressed with KCNE1 showed
significantly weaker CaM binding compared with WT (43 ± 7%
and 32 ± 14% of WT, respectively; n = 3, p < 0.01) (Figures 3F
and 3G). We conclude that these mutants perturb CaM associa-
tion and in turn channel biogenesis as predicted.
We then expressed the WT concatemer and mutants D4a and
D4b without KCNE1 in CHO cells to assess their functionality
(Figures 4A–4C). Although D4a did not express any currents,
D4b yielded functional channels, though with significantly lower
current densities but no change in the voltage dependence of
activation (Figures 4D and 4E). For WT Kv7.1 and D4b conca-
temers, current densities were 36 ± 9 and 16 ± 2 pA/pF, respec-
tively (n = 8 or 9, p < 0.05), at +60 mV. In the presence of KCNE1,1586 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier Ltdboth D4a and D4b mutants produced functional channels (Fig-
ures 4G and 4H), though yielding significant lower current den-
sities. At + 60 mV, current densities for WT + E1, D4a + E1,
and D4b + E1 are 187 ± 21, 44 ± 11, and 54 ± 20 pA/pF, respec-
tively (n = 9–16, p < 0.0005), with no significant change in the
voltage dependence of activation (V50 = 19.5 ± 0.6 mV, s =
14.4 ± 0.5 mV; V50 = 23.8 ± 1.1 mV, s = 13.7 ± 0.9 mV; and
V50 = 11.9 ± 0.4 mV, s = 10.9 ± 0.4 mV for WT, D4a, and D4b,
respectively; n = 9–16) (Figures 4I and 4J). Taken together, these
findings indicate that we have successfully disrupted CaM
binding in these point mutants, which can be used to probe
the configuration of the Kv7.1/CaM complex in a cellular context.
The results also confirm our previous findings showing that CaM
is required for proper functional expression and suggest that
CaM is an essential folding subunit of the channel complex
(Ghosh et al., 2006; Schmitt et al., 2000; Shamgar et al., 2006).
To test the configuration of the Kv7.1/CaM complex, two
mutational permutations were generated in the concatemer,
either at alternating positions ‘‘in trans’’ between the four sub-
units (D1a-D2b-D3a-D4b) or ‘‘in cis’’ (D2ab-D4ab) within the
same subunit (Figure 3A), and their effects were compared
with those of the WT concatemer, in all cases coexpressing
KCNE1. Expression of the D1a-D2b-D3a-D4b concatemeric
construct does not leave any site for CaM interaction if CaM as-
sociation with helices A and B occurs from within the same sub-
unit (i.e., ‘‘in cis’’). However, if CaM association with helices A
and B occurs between two neighboring subunits (i.e., ‘‘in trans’’),All rights reserved
Figure 4. Functional Tests of CaM Binding Mutants
(A–C) Representative current traces of WT Kv7.1 concatemer, D4a and D4b mutants, respectively, expressed in CHO cells. Cells were clamped to a holding
potential of 90 mV. Membrane voltage was stepped for 3 s from 60 to +60 mV in 10 mV increments and then repolarized for 1.5 s to 60 mV.
(D and E) Current density-voltage relations and conductance-voltage relations of WT, D4a, and D4b constructs (n = 8 or 9 cells). Data were fit to a single
Boltzmann function.
(F–H) Representative current traces ofWT Kv7.1 concatemer, D4a and D4bmutants, respectively, expressed in CHO cells in the presence of KCNE1. The voltage
step protocol was similar to that of (A) to (C).
(I and J) Current density-voltage relations and conductance-voltage relations of WT, D4a, and D4b constructs coexpressed with KCNE1 (n = 5–15 cells).
(K–M) Representative current traces of the WT Kv7.1 concatemer, D2ab-D4ab, and D1a-D2b-D3a-D4b mutants, respectively, coexpressed with KCNE1 in CHO
cells. The voltage step protocol was similar to that of (A) to (C).
(N and O) Current density-voltage relations and conductance-voltage relations of WT Kv7.1 concatemer, D2ab-D4ab, and D1a-D2b-D3a-D4b mutants
coexpressed with KCNE1 (n = 5–11 cells).
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enated tetramer. Expression of D1a-D2b-D3a-D4b resulted in a
nonfunctional channel (Figures 4K, 4M, and 4N; n = 23), suggest-
ing two non-mutually exclusive conclusions: (1) CaM association
is ‘‘in cis,’’ and (2) more than two CaM molecules are required
for Kv7.1 functional expression. We next explored these possi-
bilities further by expressing the D2ab-D4ab concatemeric
construct. D2ab-D4ab does not leave any site for CaM interac-
tion if CaM association with helices A and B occurs between
two neighboring subunits ‘‘in trans.’’ However, if CaM associates
with helices A and B from within the same subunit (i.e., ‘‘in cis’’),
this construct enables two CaMmolecules to bind to the concat-
enated tetramer. Although producing small currents (17 ± 8 pA/
pF; n = 5, p < 0.0005), D2ab-D4ab generated a functional
channel (Figures 4K, 4L, 4N, and 4O), suggesting that CaM
may preferably bind to helices A and B ‘‘in cis’’ (i.e., from the
same subunit) and that two copies of CaM canminimally support
functional Kv7.1 expression when coexpressed with KCNE1.
Nevertheless, more than two CaM molecules are necessary for
normal channel expression.
We tested our conclusions biochemically by transfecting
HEK293 cells with the WT and the two concatemer mutational
permutations, with or without KCNE1, and performed CaM
pull-down assays of whole-cell lysate, using CaM-agarose to
examine the binding of these constructs to CaM. The D1a-Structure 22, 1582–15D2b-D3a-D4b construct expressed very poorly (see input) and
exhibited no interaction with CaM, neither when expressed alone
nor when coexpressed with KCNE1 (Figures 3F and 3G; <0.1%
of WT; n = 3, p < 0.0001). In contrast, the D2ab-D4ab construct
interacted with CaM, though to a lower extent compared with
WT, both in the absence and in the presence of KCNE1 (Figures
3F and 3G; 58% and 42%ofWT; n = 3, p < 0.05), suggesting that
CaM can associate with helices A and B ‘‘in cis’’ and consistent
with electrophysiological findings. The weaker interaction of
CaM to this latter construct compared with the WT may indicate
that in the native WT channel, more than two CaMmolecules are
necessary to enable proper channel function. The very poor
expression of the D1a-D2b-D3a-D4b construct suggests that
CaM association ‘‘in cis’’ with each Kv7.1 channel protomer is
also important for the channel’s proper biogenesis and folding.
Next, we asked whether the deficit in expression of the various
mutants defective in CaM binding arose from channel misfolding
or misassembly and subsequent degradation along the ubiqui-
tin-proteasome pathway. The WT Kv7.1 and the different CaM
binding-defective concatemer mutants were cotransfected
with KCNE1 in HEK293 cells. Twenty-four hours following trans-
fection, the proteasome inhibitor MG132 (10 mM) was applied
to the cells for 4 hr. For mutant proteins that are unable to
fold correctly, inhibition of proteasome function by MG132 may
lead the mutant protein to accumulate either in the endoplasmic94, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1587
Figure 5. Misfolding of CaM Binding
Mutants
(A) Representative immunoblot of HEK293
cell lysates transfected with WT and different
concatemer mutants, subjected to treatment with
proteasome inhibitor, MG-132, at 10 mM.
(B) Quantification of the ratio between treated and
untreated groups corrected for b actin expression
(n = 3; **p < 0.01).
(C) Representative current traces from trans-
fected CHO cells of the D1a-D2b-D3a-D4b
mutant + KCNE1 without (left) and with treatment
by MG132 (10 mM) for 4 hr (right) (n = 12 cells).
(D) Representative immunoblot (n = 3) of CaM pull-
down (upper rows) and input from HEK293 cells
expressing concatenated WT Kv7.1 and D1a-
D2b-D3a-D4b mutant in the presence of KCNE1,
without and with MG132 treatment, as denoted.
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Structure-Function Studies of Kv7.1 Channelsreticulum or in intracellular inclusion bodies resembling aggre-
somes (Johnston et al., 1998). To test this possibility, cells
were lysed in harsher detergent conditions (1% Triton X-100,
0.5% Na+ deoxycholate, and 0.5% SDS), and lysates were
analyzed by western blotting using anti-Kv7.1 antibodies (Fig-
ures 5A and 5B). In the presence of MG132, there was a 1.8 ±
0.4 fold increase in total WT Kv7.1 protein content (n = 4). In
contrast, a dramatic increase in total mutant protein content
was observed for the D4a, D4b, D2ab-D4ab, and D1a-D2b-
D3a-D4b mutants, with 2.8 ± 0.3, 3.3 ± 0.5, 4.9 ± 0.4, and
5.3 ± 0.5 fold stimulation, respectively (n = 3, p < 0.01 for
D2ab-D4ab and D1a-D2b-D3a-D4b) (Figures 5A and 5B).
Because MG132 increased mutant D1a-D2b-D3a-D4b expres-
sion, we tested if this protein was functional. We recorded trans-
fected CHO cells (D1a-D2b-D3a-D4b + KCNE1) with andwithout
MG132 treatment (10 mM) for 4 hr. Figure 5C shows that MG132
did not functionally rescue the D1a-D2b-D3a-D4b mutant chan-
nel (n = 12). We also examined whether channel protein, WT and
D1a-D2b-D3a-D4b mutant, expressed due to MG132 treatment
could associate with CaM by performing CaM-agarose pull-
downs of concatemers expressed in HEK293 cells in the pres-
ence of KCNE1 (Figure 5D). The CaM-agarose beads efficiently
pulled down WT Kv7.1. In contrast, the D1a-D2b-D3a-D4b
mutant did not bind to CaM-agarose, despite the marked
increased mutant protein expression (see input in Figure 5D).
These data indicate that the concatemer D1a-D2b-D3a-D4b is
both electrophysiologically nonfunctional and unable to bind
CaM. Taken together, the CaM binding-defective mutants
appear to be targets of proteasomal degradation, presumably
because of increased misfolding or misassembly.
To explore the functional significance of the crystallographic
observation that only the CaM N lobe is Ca2+ ligated, we re-1588 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier Ltd All rights reservedcorded currents from CHO cells coex-
pressing WT Kv7.1 concatemer and
KCNE1, where the patch pipette solution
contained purifiedWT, Ca2+-insensitive N
lobe (CaM12), Ca
2+-insensitive C lobe
(CaM34), or Ca
2+-insensitive (CaM1234)
recombinant CaM proteins (1 mM CaM,
0.8 mM free Ca2+) (Figure 6). AlthoughCaM34 did not significantly alter the current amplitude, CaM12
and CaM1234 markedly depressed the current density compared
with that obtained with WT CaM (Figure 6E) (at +60 mV, current
densities were 470 ± 66, 119 ± 24, 429 ± 65, and 155 ± 46 pA/pF
for WT CaM, CaM12, CaM34, and CaM1234, respectively; n =
6–11, p < 0.01 for CaM12 and CaM1234). In addition, CaM12
and CaM34 respectively produced slight depolarizing and hyper-
polarizing shifts of the conductance-voltage relations compared
with WT CaM (Figure 6F) (V50 = 14.5 ± 0.5 mV, V50 = 22.8 ±
0.8 mV, and V50 = 3.3 ± 0.4 mV for WT, CaM, CaM12, and
CaM34, respectively; n = 6–11). These recordings are then
consistent with the structure, wherein Ca2+ binding plays a role
only with the CaM N lobe.
A Structural Model for the Kv7.1 CT/CaM Complex
We then sought to elaborate these structure-function findings
in the context of an intact channel complex. As a first step, we
modeled the Kv7.1 intracellular C terminus, integrating the crys-
tal structures reported here and in previous structural studies
(Wiener et al., 2008). This tentative model, shown in Figure 7A,
has C4 symmetry, as might be expected for the Kv7 channel
family. The hetero-octameric 4:4 stoichiometry of C terminus
and CaM for the complex in solution was confirmed by SV and
concentration-gradient MALS (Figures S4A and S4B). To assess
the quaternary structure of the CT/CaM complex in solution,
synchrotron small-angle X-ray scattering (SAXS) was used.
The processed experimental data, extrapolated to infinite dilu-
tion, are presented in Figure 7B, and the overall parameters
are summarized in Table 2. The determined Mr of the complex,
140 kDa, is consistent with the hetero-octameric assembly,
whereas the distance distribution function P(r) (Figure 7B, inset)
indicates that the particle is elongated, with a maximum size of
Figure 6. Functional Tests of Ca2+ Ligation to CaM
(A–D) Representative current traces of WT Kv7.1 concatemer coexpressed
with KCNE1 in the presence of 1 mM purified recombinant WT CaM, CaM12,
CaM34, or CaM1234 in the intracellular pipette solution (0.8 mM free Ca
2+). The
voltage step protocol was identical to that of Figure 4.
(E and F) Current density-voltage relations and conductance-voltage relations
of WT Kv7.1 + KCNE1 currents recorded in the presence of WT and mutated
CaM (n = 6–11 cells).
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Structure-Function Studies of Kv7.1 ChannelsDmax  16 nm. The scattering pattern computed from the tenta-
tive model in Figure 7A does not fit the experimental data well
(discrepancy c = 2.2; see Figure 7B). The molecular envelope
of the complex generated ab initio displays a low-resolution
shape generally similar to the tentative model but exhibiting a
twisted, more asymmetric appearance (Figure 7C). To refine
the tentative model and also to assess the potential flexibility
of the complex, the ensemble optimization method (EOM) was
used. A pool of 7,500 independent models was generated,
using as input the domains of the molecular model in Figure 7A,
with flexibility allowed for the connections between the proximal
CT module (helices A and B bound to CaM) and the helix C and
helix D modules. EOM works by selecting from the pool an
ensemble, which fits the experimental data. In multiple EOM
runs, the selected ensemble always contained only a few highly
similar, extended structures or even a single structure, indicating
that the complex is rather rigid in solution. The best EOM model
fit the data at c = 0.73 (Figure 7B), and the model superposes
well with the ab initio reconstruction (Figure 7D). These results
suggest that a flexible hinge or linker connects the proximal CStructure 22, 1582–15terminus to the helix C module. In contrast, both helix C and D
modules appear to be approximately coaxial, with the connect-
ing linker in a fairly extended conformation with rather limited
flexibility.
Having refined the Kv7.1 CT/CaM complex model, we next
grafted this model onto the membrane domain, using a previ-
ously published homology model based on Kv1.2 (Smith et al.,
2007). The membrane domain, in the case of Kv1.2, is thought
to be in the open conformation (Figures 8A and 8B). In both
cases, prehelix A, found in a helical conformation in our crystal
structures, extends directly from S6 as a continuous helix.
Inspection of this model immediately suggests that the proximal
CT/CaM complex acts as a gating module in the channel,
involving a rigid, extended helix beginning at the kink in S6,
including prehelix A and then helices A and B bound to CaM.
CaM’s N lobe, ligated to Ca2+, is in juxtaposition to the
membrane, and prehelix A has presumed interactions with the
membrane domain. This model suggests that the prehelix A
conformation and its presumed rigid-body connection to the
helices A and B module, forms a lever arm, thereby having a
substantial role in controlling the channel gate.
DISCUSSION
The structural data presented here, namely the Kv7.1 proximal C
terminus bound to CaM, provide us with a near atomic resolution
picture of this module. It suggests, consistent with previous re-
sults (Ghosh et al., 2006; Shamgar et al., 2006), that CaM acts
as obligate subunit of the Kv7.1 channel. This conclusion may
also pertain to the remainingmembers of theKv7 family (Etxeber-
ria et al., 2008), because of sequence conservation and support-
ing evidence. Further, on the basis of the nature of the interface
andour experiencewith expression (Shamgar et al., 2006), where
coexpression is absolutely required, we postulate that it com-
prises a folding unit. This notion also dovetails with our earlier
results investigating an LQT mutation, S373P, that appeared to
have defects in channel expression because of misassembly or
misfolding (Shamgar et al., 2006). This residue interacts with
CaM, and mutation to proline may perturb the helical bundle
and CaM C lobe interactions. Furthermore, our functional results
from the concatemeric channels show that point mutations in he-
lixA (I375D) andhelixB (V516D) alterCaMbinding, reduceprotein
expression, and decrease current density (Figures 3 and 4),
suggesting that proximal CT/CaM interactions are required for
proper biosynthesis and channel assembly, although there are
several alternative explanations. Our expression studies in the
presence of proteasomal inhibitor MG132 suggest that the
attenuated expression of CaM binding-defective mutants arises
from channel misfolding and subsequent degradation along
the proteasome pathway. Blocking the proteasome pathway is
ineffective toward rescuing functional channels, since despite
MG132 treatment that rescues expression, the D1a-D2b-D3a-
D4b mutant channel failed to associate with CaM and was not
active electrophysiologically. Instead, the proteasome blocker
probably leads the mutant proteins to accumulate in intracellular
aggregates, previously shown to be a cellular response to mis-
folded proteins (Johnston et al., 1998).
The structure of the prehelix A region, an extended helix from
S6 of the membrane pore domain to P369, provides insight to94, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1589
Figure 7. Structural Solution Studies of the CT/CaM Complex
(A) Tentativemolecular model for the CT/CaM complex, includes the proximal CT/CaMmodel (Figure 2B) as based on the crystal structure, amodel for the helix C
coiled-coil module (labeled), and the crystal structure of the helix D module. C4 molecular symmetry has been imposed. CaM molecules are colored in gray.
(B) Experimental SAXS data and the calculated P(r) function in the inset. The blue solid line denotes scattering from the tentative model in (A), while the red solid
line denotes intensity calculated for the EOM-selected model seen in (D), against the experimental data.
(C) Ab initio shape of the CT/CaM complex calculated and averaged using the programs DAMMIF and DAMAVER.
(D) Superposition between the EOM model and the ab initio DAMMIF model (aligned by SUPCOMB).
See also Figure S4.
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Structure-Function Studies of Kv7.1 Channelsan array of mutants by Snyders, Vardanyan, and their coworkers
(Boulet et al., 2007; Ma et al., 2011). Residues that interact
either with parts of the membrane domain, for example, the
S4-S5 linker or lever arms from neighboring subunits in the
helical bundle crossing, have a marked effect on gating. Those
residues that point into the intracellular space lack effect. Like-
wise, breaking the rigid lever arm should have deleterious ef-
fects. The structure then explains specific perturbations of this
gating module. A notable aspect of the open channel model1590 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier Ltd(Figure 8) is the CT domain’s electrostatic potential. Shown in
Figure S5, two electropositive regions are seen, namely in pre-
helix A, juxtaposed to the membrane, and the linker connecting
the helix C and helix D modules. At the same time, a strong elec-
tronegative region derives from CaM. Most of the negative
charge points toward the intracellular space, generating an
attractive Coulombic pathway for cations into the pore. This
proposed electronegative potential has parallels with that found
in the Kv1.2 channel complex, where the T1 domain, alsoAll rights reserved
Table 2. SAXS Statistics
Data Collection Parameters
Instrument (detector)
X33, EMBL, DESY
PILATUS 1M pixel
(67 3 420 mm2)
Beam geometry 0.2 3 0.06 mm2
Wavelength (A˚) 1.5
s range (A˚1) 0.012–0.6
Exposure time (sec) 15
Concentration range (mg $ ml1) 0.5 3 2.5
Temperature (K) 283
Structural Parameters
I(0) (relative) (from P[r]) 87.560
Rg (A˚) (from P[r]) 47 ± 1
I(0) (relative) (from Guinier) 87.570
Rg (A˚) (from Guinier) 47 ± 1
Dmax (A˚) 160 ± 10
Porod volume estimate (A˚3) 256,000 ± 5000
DAMMIF excluded volume (A˚3) 290,000 ± 20,000
Dry volume calculated from sequence (A˚3) 262,000
Molecular Mass Determination
Molecular mass Mr (kDa) (from Porod invariant) 142 ± 15
Molecular mass Mr (kDa) (from excluded volume) 140 ± 15
Calculated monomeric Mr (kDa) (from sequence) 36
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Structure-Function Studies of Kv7.1 Channelselectronegative, helps focus the positive K+ ions into the con-
duction path (Long et al., 2005).
We observe a variant arrangement between the channel and
CaM, adding another configuration to CaM’s binding repertoire.
CaM’s conformational plasticity, enabled by its linker (residues
70–80), makes CaM perhaps one of nature’s most versatile
adaptor proteins, at times embracing one-, two-, or three-helix
bundles (Hoeflich and Ikura, 2002). Although CaM associates
with many ion channels (Saimi and Kung, 2002), the collection
of structures currently available do not include CaM hugging
an antiparallel coiled coil.
What conformational state havewecaptured?Weassume that
the high [Ca2+] structure we report here represents a bona fide
high [Ca2+] conformation. Our results differ from a structure re-
ported by Minor and coworkers for Kv7.4 where CaM embraces
only helix B in 1 mM [Ca2+] (Xu et al., 2013). The differences may
be attributed to the different proteins involved (Kv7.1 versus
Kv7.4), an additional interaction mode, or the nature of the
construct used. Indeed, there may be fundamental structural
and mechanistic differences between Kv7.1 and the other Kv7
familymembers (Kv7.2 to Kv7.5) (Gamper et al., 2005). Neverthe-
less, the interactions seenbetween helix A andB in our structures
aremanifold and conform towell-accepted folding architectures,
thus strongly supporting the structural authenticity of our
observed configuration. Moreover, the current structures are
reminiscent of thehigh [Ca2+]SKchannel gatingmodule structure
including the CaM Ca2+-ligated N lobe and apo C lobe (Schu-
macher et al., 2001). In addition, our electrophysiological data
are in line with these structural features, as purified CaM34 did
not alter channel activity, while CaM12 and CaM1234 robustly
depressed current density. Finally, although our crystallographicStructure 22, 1582–15data do not distinguish whether the CaM association with the
proximalCT involvesan intra- or intersubunit interaction, our con-
catemer study, in line with our prior work, suggests that CaM
binding is of an intrasubunit type (Wiener et al., 2008).
What then might be the complex’s conformation at basal Ca2+
concentrations (100 nM)? There are three formal possibilities: (1)
theCaMN lobedoesnot interactwith theCT,while theapoC lobe
interacts with the CT, similar to the configuration found with
NaV1.5 (Wang et al., 2012); (2) CaM is bound in the apo form,
with both lobes interacting with the C terminus (Houdusse
et al., 2006); or (3) the CaM N lobe is bound, Ca2+ ligated, while
the C lobe is also bound, as seen in the present structures.
Although we cannot exclude any of the three possibilities, the
second assumption appears unlikely in view of the marked cur-
rent inhibition produced byCaM12 (Figure 6). In contrast, the third
option is consistent with our crystal structure grown in the pres-
ence of EGTA, in which little structural difference is detected
despite the presence of the chelator. This crystallographic result
contrasts with that of the SK channel structure in the presence of
chelator, whereby only part of the CaM C lobe was ordered and
bound to its target (Schumacher et al., 2004), suggesting that in
that case, only the apo C lobe is bound to the channel. Relevant
to this question,CaM’sbinding target canaffectCaM’s affinity for
Ca2+, so that it is possible that when CaM associates with the
Kv7.1 proximal C terminus, CaM N lobe Ca2+ affinity increases
dramatically (Olwin and Storm, 1985; Zhang et al., 2012). Such
a hypothesis could explain the finding that WT CaM apparently
outcompetes CaM1234 in associating with Kv7.1 (Ghosh et al.,
2006). Moreover, we and others have observed some Ca2+ mod-
ulation of Kv7.1 channel activity (Ghosh et al., 2006; Shamgar
et al., 2006), detected in part by the use of CaM1234. This obser-
vation is consistentwithCa2+ possibly stabilizingCaMconforma-
tion but at the same time not inducing drastic structural changes
such as Ca2+ dependent dimerization, such as those observed
with the SK channel (Schumacher et al., 2001).
When placing our findings in the framework of an intact chan-
nel (Figure 8), we can make specific predictions. One is the iden-
tification of a group of residues, located in the helical prehelix A
region on the fac¸ade pointing away from the permeation path,
that putatively interact with residues from the S4-S5 linker helix,
pivotal for gating in agreement with other studies (Choveau et al.,
2011; Labro et al., 2011). Some of these residues are basic, with
a considerably electropositive potential, as discussed, and are
well positioned to interact with PIP2 (Loussouarn et al., 2003),
along with a KCNE1 juxtamembrane region (Li et al., 2011).
These structural features immediately suggest a mechanism
for PIP2 to bias activation of the channel by stabilizing the helical
prehelix A’s swing into the lipid head groups upon channel open-
ing (Rodriguez-Menchaca et al., 2012). An additional prediction
is that the sequence joining helices B and C should behave
as a ‘‘mechanical’’ hinge, enabling the transition between closed
and open states, moving helix C closer to the membrane. The
hinge is consistent with its absolute sequence conservation
and our SAXS findings.
In conclusion, the results we describe here on the structure-
function correlates of the Kv7.1 C terminus, bound to CaM,
provide detailed and testable working models for further mech-
anistic investigations of this biomedically important channel. In
addition, they further expand our knowledge of CaM structure94, November 4, 2014 ª2014 Elsevier Ltd All rights reserved 1591
Figure 8. Molecular Modeling of the Intact
Kv7.1/CaM Channel
(A and B) A molecular model of the intact channel
in an open state is depicted. Both side (A) and top
(B) perspectives are drawn. In the side perspec-
tive, two membrane domain subunits have been
stripped away to afford a better view. CaM is
colored as above.
(C) Close-up of the gating module from the side
perspective, with relevant side chains depicted as
sticks.
See also Figure S5.
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drome mutations.
EXPERIMENTAL PROCEDURES
Expression and Purification of Kv7.1 CT/CaM Complexes
The Kv7.1 proximal CT (residues 352–539), with the deletion of the intervening
loop, and the Kv7.1 C terminus (residues 352–622), with the same intervening
loop deletion and a single point (H620A), were cloned into pET-Duet and con-
taining also CaM. Coexpression of transformed bacteria provided material for
purification by Ni+2-chelate chromatography, followed by anion exchange and
SE columns. Sel-Met protein was prepared by inhibition of themethionine syn-
thesis pathway (Van Duyne et al., 1993) with the same purification protocol.
Crystallization, Data Collection, and Structure Determination
The native and Sel-Met crystals appeared within days by sitting and hanging
vapor diffusion (Hampton Research) at 4C in the presence of 0.3M potassium
thiocyanate, 0.1 M sodium acetate trihydrate (pH 5.6), and either 1 mM EGTA
or 5 mM CaCl2. Before flash freezing on cryoloops, the crystals were trans-
ferred to a suitable cryoprotecting solution. Diffraction data were processed
with HKL2000 (Otwinowski and Minor, 1997). Experimental phasing was
obtained from the Sel-Met data with the selenium substructure determined
by Adams et al. (2010), SHARP (de La Fortelle and Bricogne, 1997) used
for experimental phase calculations, and density modification performed
with SOLOMON (Abrahams and Leslie, 1996). An initial model was built with
Coot (Emsley and Cowtan, 2004) and refined with Refmac5 (Murshudov
et al., 1997) and PHENIX.
Analytical Ultracentrifugation
SV analysis of the complex, in the presence of 5 mM EGTA and in its absence
was carried out at 50,000 rpm and 20C in an XL-I analytical ultracentrifuge
(Beckman-Coulter), using an An60Ti rotor and 12-mm double-sector center-
pieces. The complex was in buffer F with 1 mM dithiothreitol. SV runs
were done at 60 mM (1.5 mg/ml) protein concentration, using absorbance
at 285 nm. The sedimentation coefficient distributions were calculated by
SEDFIT (Schuck, 2000).
SEC-MALS
Experiments were performed using an analytical SEC column (KW404-4F,
5 mm, 4.6 3 300 mm; Shodex), equilibrated with 20 mM Tris (pH 7.2) and
150 mM NaCl on a high-performance liquid chromatograph connected to an1592 Structure 22, 1582–1594, November 4, 2014 ª2014 Elsevier Ltd All rights reserved18-angle light-scattering detector (Wyatt Technol-
ogy), followed by a differential refractive-index de-
tector (Wyatt Technology). Purified protein (100 ml)
at 40 mM (1 mg/ml) was chromatographed. Data
were analyzed with ASTRA (Wyatt Technology).
SAXS
Synchrotron X-ray scattering data of the Kv7.1 CT/
CaM complex were collected at the EMBL
X33 beamline (Deutsches Elektronen-Synchrotron
[DESY]) (Roessle et al., 2007) using a roboticsample changer (Round et al., 2008). The SAXS data were recorded at a sam-
ple-detector distance of 2.7 m, covering the range of momentum transfer
0.012 < s < 0.6 A˚1. Several 15 s sample exposures showed no significant
changes, indicating the absence of radiation damage. To exclude interparticle
interaction effects, samples with four solute concentrations (2.4, 1.4, 1.0, and
0.5 mg $ml1) were measured and extrapolated to infinite dilution by PRIMUS
(Konarev et al., 2003). The forward scattering I(0) and the radii of gyration (Rg)
were calculated using the Guinier approximation. P(r) was computed using
GNOM (Svergun, 1992), yielding the particle Dmax. The excluded volume of
the hydrated particle was computed using the Porod invariant (Porod, 1982),
providing also an estimate of the solute molecular weight (Mr) (Petoukhov
et al., 2012).
Low-resolution shape analysis of the solute was performed using the ab ini-
tio program DAMMIF (Franke and Svergun, 2009). Several independent simu-
lated annealing runs were performed, and the results were averaged using
DAMAVER (Volkov and Svergun, 2003). An alternative ab initio reconstruction
was performed by GASBOR (Svergun et al., 2001). The CT/CaM model,
described in Supplemental Experimental Procedures was used for analysis
in the program EOM (Bernado´ et al., 2007) to account for potential flexibility
of the linkers between structural modules and individual subunits. The number
of the models in the ensemble is also optimized by EOM during the optimiza-
tion (Petoukhov et al., 2012). The models selected by EOM were superim-
posed with the ab initio molecular envelopes using the program SUPCOMB
(Kozin and Svergun, 2001). SAXS measurement parameters are reported in
Table 2 (Jacques et al., 2012).
Electrophysiology
Human WT Kv7.1 concatenated tetrameric construct was constructed as
described (Meisel et al., 2012). Electrophysiological recordings were per-
formed 40 hr after transfection, using the whole-cell configuration of the
patch-clamp technique. Transfected cells were visualized using enhanced
yellow fluorescent protein fluorescence with a Zeiss Axiovert 100 epifluores-
cence microscope. Data were sampled at 5 kHz and low-pass-filtered at 2
kHz (Axopatch 200A amplifier with pCLAMP9 software and a four-pole Bessel
low-pass filter; Molecular Devices). Internal and external solutions are listed in
Supplemental Experimental Procedures.
Pull-Down Assays
Transfected HEK293 cells were washed in PBS and lysed with lysis buffer,
cleared by centrifugation, and incubated overnight with equal amounts of
CaM-agarose beads (Sigma) in pull-down buffer. Beads were washed and
Structure
Structure-Function Studies of Kv7.1 Channelseluted with SDS sample buffer. Equal amounts of lysate proteins (input) and
pull-down samples were resolved by 8% SDS-PAGE. Blots were reacted
with rabbit anti-Kv7.1 antibodies (Alomone Labs) and then detected by
antirabbit HRP conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories). Proteasomal inhibition was performed as described (Shamgar
et al., 2006). Then cells were lysed in harsh buffer followed by SDS-PAGE.
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